The rat carbamyl phosphate synthetase I gene is expressed in two cell types: hepatocytes and epithelial cells of the intestinal mucosa. The proximal promoter contains a single activating element, GAG, two repressor elements (sites I and III) and an anti-repressor element (site II). Although these elements together exhibit the potential for complex regulation, they are unable to confer tissue-specific promoter activity. Here we have identified a cell-type-specific enhancer that lies 10 kllobases upstream of the promoter. Unexpectedly, the enhancer also functioned in a gene-type-' specific manner. The enhancer stimulated promoter activity exclusively through the proximal GAG element. Abrogation of GAG, either directly by mutation of GAG or indirectly by sites I and III repressors, abolished enhancer activation. Conversely, activation of the heterologous thymidlne kinase promoter by the enhancer required the introduction of GAG. The requirement for GAG, therefore, functions to constrain the enhancer to a specific target promoter.
INTRODUCTION
Enhancer elements often function to provide tissue-and developmental-specific activation of proximal gene promoters whose activity is otherwise weak (1, 2) . In most instances, however, the specificity of this interaction depends only on the ability of the enhancer to physically communicate with the target promoter, since many enhancers have been shown to function with heterologous promoters (3) . In fact, enhancer trap methods (4, 5) exploit this promiscuity of enhancer/promoter interactions by capturing those enhancers that are capable of activating weak test promoters. In the normal chromosome context, however, the function of certain enhancers may be constrained to only one of several nearby promoters (6) . Regulatory models that can achieve such constraint include the action of boundary elements, which function to isolate enhancers and their cognate promoters by packaging them in an open configuration, such that nearby genes packaged in a closed conformation will not compete for enhancer function (6) . Examples of boundary elements include the scaffold attachment sites that regulate transcription of the chicken lysozyme gene (7) and specialized chromatin structure elements that regulate the Drosophila hsp70 gene (8) . In other cases, constraint is achieved because of selective compatibility between enhancers and promoters. Such specificity of an enhancer for a promoter is apparent in the regulated interactions of the individual enhancers for the neighboring Drosophila gooseberry and gooseberry neuro genes (9) and between the intronic enhancer and promoter of the immunoglobulin heavy-chain gene (10) . Likewise, in the present study we have identified such a gene-type-restricted enhancer that activates transcription of the carbamyl phosphate synthetase I (CPS I) gene because it functions through a specific activating element in the CPS I promoter, called GAG.
The CPS I promoter has previously been characterized (11-15) and found to have novel features (15) . It contains a single activating element, GAG, which is located adjacent to the TATA region. The activity of GAG is manifested only when two upstream repressor elements (sites I and III) are quenched by an anti-repressor at site II (15) . Otherwise, promoter activity is completely repressed. Despite the potential for regulation of the CPS I gene through these various promoter elements, however, the promoter alone is insufficient to restrict CPS I gene expression to its target cells, hepatocytes and intestinal mucosa epithelial cells, at least in transfected cells in culture (16) . The novel gene-type-specific activity of the enhancer we describe here, however, also exhibits cell-type specificity.
MATERIALS AND METHODS

Cell culture
The rat hepatoma cell line H4IIEC3 was maintained as described previously (15) . The rat fibroblast cell line Rat 1 was maintained in a minimal essential medium supplemented with 10% fetal calf serum. (12, 14) . (B) Nucleotide sequence of the proximal promoter (11) . Footprinted elements on both strands (12, 14) are marked by lines.
Enhancer
site of XEMBL3 (17) was screened by standard PCR methods using two oligonucleotides which correspond to regions -1023 to -1048 and -749 to -754, respectively, of the CPS I gene 5' flanking sequence (11) . Two overlapping clones spanning 25 kb of DNA and flanking exon I of the CPS I gene were identified and analyzed for enhancer activity by standard transient transfection analyses employing a luciferase reporter gene (15) . Mapping of the minimal enhancer region was carried out by restriction enzyme analysis.
Plasmids
The plasmids pCPS157-luc, pCPS67-luc, pCPS33-luc, pCPS157mGAG-luc, pCPS157mII-luc and pXP2 have been previously described (15) . Introduction into these plasmids of the 1.4 kb enhancer element (-10.8 to -9.4 kb, relative to the start site of transcription) in both the correct (+) and reverse (-) orientations was achieved by standard methodolgies. This created the constructs pCPSE(+/-)157-luc, pCPSE(+/-)67-luc, pCPSE(+/-) 33-luc, pCPSE(+/-)mGAG-luc, pCPSE(+/-)mII-luc and pE(+/-) XP2. Similarly, the plasmids pTKE(+/-)81-luc and pCPS (G AG) TK^ATA)-1UC and pCPS ( GAG) TK (TATA) E (+/-)-luc ) were created from pT81 and pXP2, respectively. Deletion of the GAG element from nucleotide position -40 to -67 yielded the plasmids pTK34-luc and pTKE(+/-)34-luc. All constructs were confirmed by nucleotide sequence analysis. Additional details are provided in the figure legends.
Cell transfection
Cells (2 x 10 6 ) were transfected with 10 u.g of the various luciferase reporter gene constructs, 5 u.g pRSV-Pgal plasmid DNA (15) and 5 \ig salmon sperm DNA per 100 mm dish using the calcium phosphate precipitation method as described previously (15) . Figure 1 shows the proximal promoter region of the CPS I gene in the rat, in which the sequences and relative positions of the four transcription factor binding elements, GAG and sites I-HI, are indicated (12, 14) . Although this region, extending to -157 nt upstream of the start site of transcription, supports near maximal promoter activity in transient transfection analyses of reporter gene constructs (15) , it does so in a number of cell types in culture, e.g. Rat 1 fibroblasts, rat C6 glioma cells and HeLa cells, which are unrelated to the cell types (hepatocytes and intestinal epithelial cells) to which CPS I gene expression is restricted in whole animals. Thus, to investigate the possibility that an additional region flanking the 5'-end of the gene might contribute to cell-type specificity of CPS I gene expression, a region spanning -25 kb of DNA and flanking exon I was isolated and analyzed for hepatocyte-specific enhancer activity.
RESULTS
Various regions from this fragment were linked to the CPS I proximal promoter in luciferase reporter constructs and the ability of the DNA to stimulate transcriptional activity in the rat CPS I-expressing hepatoma-derived cell lines H4HEC3 or Reuber H35, but not in non-expressing fibroblast or neural-derived cell lines, was assessed. An 11.4 kb BamHl fragment lying -13.4 to -2 kb upstream of the CPS I transcriptional start site contained the stimulatory activity and was selected for further analysis (see Fig.  2 ). The presence of this 11.4 kb fragment of DNA resulted in 4-8-fold enhancement of reporter luciferase activity in the hepatoma cell lines, when compared with the construct containing the proximal promoter alone. No such enhancement was observed in the fibroblast (Fig. 2) or neural-derived (not shown) cell lines. A similar hepatoma-specific activation was observed when the fragment was subcloned in the opposite orientation (Fig.  2) .
This fragment was further reduced to a 1.4 kb fragment, of relative position -10.8 to -9.4 kb, which retained full cell-typespecific and orientation-independent enhancement in CPSexpressing cells, but not in CPS non-expressing cells (Fig. 2) . Any further deletions of the 1.4 kb fragment from either end resulted in a loss of enhancer activity (Fig. 2) . Therefore, elements at the ends of the 1.4 kb enhancer cooperated to fully activate transcription from the CPS I proximal promoter.
A heterologous promoter is not activated by the CPS enhancer
Most enhancers described to date have the ability to activate transcription from heterologous promoters (18, 19) . A common test promoter for such studies has been the proximal promoter of the herpes simplex virus thymidine kinase (tk) gene, which contains an Spl binding element (the GC box) at positions -56 to -47, immediately upstream of the TATA element (20) . This promoter has been widely used to assay tissue-specific enhancer or silencer elements associated with a number of liver-enriched genes, including albumin (21), tyrosine amino transferase (19) and glutamine synthase (18) among others. In contrast, however, the CPS I enhancer was not able to activate transcription from the heterologous tk promoter (Fig. 3) . This suggested that a specific element or elements present in the CPS I promoter, but lacking in the tk promoter, might be required for enhancer activity to be manifested. 
Requirement for the GAG element
The enhancer was cloned, in both orientations, either in front of the CPS I -157 promoter (pCPS157-luc, which contains GAG and sites I-HI) or in front of a -67 promoter (pCPS67-luc, which contains GAG alone). GAG is the sole activating element within the CPS I proximal promoter (15) . Transfection of constructs containing the enhancer region in both positive and negative orientations into CPS I-expressing cells resulted in an -3-and 8-fold activation, respectively, over the activity recorded for the enhancerless construct and this fold stimulation was similar for both die -157 and -67 promoters (Fig. 4 , compare lanes 1-3 with lanes 4-6). No such stimulation by die enhancer was observed in CPS I non-expressing cells (Fig. 3, see lanes 1-6) .
When die GAG element was subjected to substitution mutagenesis within the context of the -157 proximal promoter, not only was promoter activity abolished (Fig. 4, compare lanes 1 and 7) , but the ability of the enhancer in either orientation to stimulate transcription was also lost (Fig. 4 , compare lane 7 with lanes 8 and 9). Because the replacement mutagenesis of GAG did not alter die nucleotide spacing of die enhancer relative to the TATA element or die transcription start site, these results strongly implicate GAG, radier than the TATA region, as playing a central role in cell-type-specific activation of transcription by die enhancer. Furthermore, not only is the presence of the GAG sequence required for transcriptional activation by the enhancer, but the GAG element must also be functionally active. In a previous report (15) we showed diat activity of the GAG element can be inhibited by mutating the site II anti-repressor element, thereby enabling repressor sites I and III to attenuate die function of the GAG binding activators). The CPS I proximal promoter containing a mutation in site II displayed non-detectable levels of transcriptional activity in both EC3 and Rat 1 cells, the levels of which were unaffected by addition of the CPS I enhancer (Fig. 4,  lanes 10-12) . Therefore, the enhancer is capable of activating transcription from the CPS I proximal promoter only when the GAG element is present (Fig. 4 , compare lanes 1-3 and 7-9) and functional (Fig. 4, compare lanes 1-3 and 10-12 ).
Furthermore, die GAG element is capable of coupling die gene-type-specific CPS enhancer to die heterologous dc promoter. As shown previously (Fig. 3) , die CPS I enhancer is unable to activate transcriptional levels from the dc promoter. However, substitution of the tk GC box by the CPS I GAG element, leaving die dc TATA box and start site intact, restored orientation-independent activity of die enhancer in CPS I-expressing cells ( Figure 1 as die stippled box. The direction of the arrow indicates the orientation of the enhancer fragment X denotes a mutation, where the core sequence of GAG from nucleotides -66 to -34 was replaced with 5'-ttctggccatggtcatctctagcaccggccgcc-3' or the core octameric sequence of site II from nucleotides -116 to -109 was replaced with 5'-atctagaa-3'. The results represent the mean ± standard error of at least three independent experiments done in duplicate. expressing cells. Not even the tk proximal promoter up to -109 bp, which contains two GC boxes and a CCAAT box, the additions of which markedly increase the activity of the tk promoter, is enhanced by the presence of enhancer sequences (data not shown).
DISCUSSION
Although the enhancer activity that we describe here exhibits cell-type specificity (i.e. it is active in hepatoma cell lines, but not in Rat 1 fibroblast, C6 glioma or mouse L fibroblast cells), a more extensive survey will be required to determine if in fact this activity is exclusively restricted to the two cell types expressing the CPS I gene in situ, hepatocytes and epithelial cells of the intestinal mucosa. Of note, however, we have found that the CPS I enhancer is gene-type-specific.
Most enhancers studied to date are capable of activating not only their own promoter, but heterologous promoters as well (18, 19) . The CPS I enhancer, on the other hand, may be restricted to promoters with characteristics of the homologous promoter. This is due to the specific requirement of the enhancer for the presence of the proximal GAG element GAG is also regulated by repressor and anti-repressor elements within the proximal promoter (15) , but it is the functionally active GAG element that is required by the CPS I enhancer to impart hepatoma-specific transcriptional activation to the CPS I proximal promoter. A similar compatibility between enhancers and their cognate promoters has been documented in Drosophila for two neighboring genes, gooseberry and gooseberry neuro (9) . Each gene has an enhancer which is restricted to its own promoter and does not activate transcription from the other promoter. Such cooperativity between enhancers and promoters could be manifested by specific protein-protein interactions between enhancer-and promoter-bound transcription factors, as recently documented for TFE3 at the immunoglobulin heavy-chain locus (10) . Additional specificity could be provided by repressive interactions between different enhancers or the presence of boundary elements restricting the actions of closely positioned enhancers to their cognate promoters (for a review see 6) . While examples of selective compatibility between specific enhancers and promoters have not been extensively described to date, it may be an important mechanism whereby an enhancer can influence the transcriptional rate of one particular gene while other closely situated genes remain unaffected and, therefore, can exhibit independent expression patterns. Thus, while some classes of enhancers are compatible with all promoters, some are not. In the case of the CPS I gene, an important future direction will be the identification of the transcriptional factors) associated with the enhancer that is primarily responsible for interactions with the GAG factor within the proximal promoter.
